The 5-repeat allele of a common length polymorphism in the gene that encodes the dopamine D4 receptor (DRD4) is robustly associated with the risk of attention deficit hyperactivity disorder (ADHD) and substantially exists in Asian populations, which have a lower ADHD prevalence. In this study, we investigated the effect of this allele on microstructural properties of the brain and on its functional activity during externally directed attention-demanding tasks and creative performance in the 765 Asian subjects. For this purpose, we employed diffusion tensor imaging, N-back functional magnetic resonance imaging paradigms, and a test to measure creativity by divergent thinking. The 5-repeat allele was significantly associated with increased originality in the creative performance, increased mean diffusivity (the measure of how the tissue includes water molecules instead of neural and vessel components) in the widespread gray and white matter areas of extensive areas, particularly those where DRD4 is expressed, and reduced task-induced deactivation in the areas that are deactivated during the tasks in the course of both the attention-demanding working memory task and simple sensorimotor task. The observed neural characteristics of 5-repeat allele carriers may lead to an increased risk of ADHD and behavioral deficits. Furthermore, the increased originality of creative thinking observed in the 5-repeat allele carriers may support the notion of the side of adaptivity of the widespread risk allele of psychiatric diseases.
The dopamine receptor D4 (DRD4) gene locates on chromosome 11p15.5. As summarized previously (Swanson et al., 2000) , this gene has a polymorphism in a coding region-a variable number of tandem repeats (VNTR) of a 48-base pair sequence in exon 3 (Lichter et al., 1993) that codes for a variation in the third intracellular loop of the D4 receptor. This gene is expressed in a wide range of brain areas (Mrzljak et al., 1996; Van Tol et al., 1992) . A specific allele, the 7-repeat allele, of this polymorphism has been robustly associated with the risk of attention deficit hyperactivity disorder (ADHD) via multiple meta-analyses (Li et al., 2006) . However, in Asian populations, the 7-repeat allele is scarce or absent (Li et al., 2006) and perhaps partly because of this, the prevalence of ADHD is quite low (Faraone and Biederman, 1998) . On the other hand, another allele, the 5-repeat allele, of this polymorphism has also been shown to be associated with an increased risk of ADHD via meta-analysis, and is relatively more frequently observed in Asian samples than the 7-repeat allele (Li et al., 2006) . It has been shown that the DRD4 gene's polymorphisms lead to the difference in how well the receptors bind with dopamine and similar compounds (Van Tol et al., 1992) , and it has been assumed this basic difference leads to the difference of the phenotype. The initial study (Van Tol et al., 1992) has just shown the inefficiency of receptors from 7-repeat alleles to bind compared with those of receptors from 2-repeat alleles and 4-repeat alleles. However, the 5-repeat allele has shown the same phenotype as the 7-repeat allele with regard to the effects on ADHD; it may therefore be assumed that the pharmacological aspects and effects of the 5-repeat allele on various characters can be parallel to those of the 7-repeat allele.
Previous genetic studies have shown the effects of the 7-repeat allele in several behavioral variables (Szekely et al., 2011) and regional gray matter structures (Durston et al., 2005; Monuteaux et al., 2008; Shaw et al., 2007) . In particular, using a large sample size, Shaw et al. (2007) have shown that the 7-repeat allele carriers have a thinner right orbitofrontal/inferior prefrontal and posterior parietal cortex. Like other polymorphisms findings, some of the initial results regarding DRD4 polymorphism with less statistical power cannot be replicated (Kluger et al., 2002) . A recent study showed a robust association between the 7-repeat allele and a slow processing speed (Szekely et al., 2011) . Another interesting recent finding was the association between the 7-repeat risk allele and decreased performance of the creativity measured by a divergent thinking test in an Israeli sample (Mayseless et al., 2013) . It should be noted that unlike Asian samples, the Israeli sample is known to have a high prevalence of ADHD (Cohen et al., 2013) as well as a high prevalence of the risk allele of ADHD (Mayseless et al., 2013) , which is supposed to partly contribute to the cultural difference in the prevalence of ADHD (Faraone and Biederman, 1998) . In the Israeli sample, this association between the 7-repeat risk allele and decreased performance of creativity measured by a divergent thinking task is despite the previously known robust association between impaired selective attention and increased divergent thinking (for the full discussion of this matter, see Takeuchi et al., 2011b) .
However, to date, the following points have not been investigated. (a) The association between the polymorphism of DRD4 and brain microstructural properties measured by diffusion tensor imaging (DTI), such as fractional anisotropy and mean diffusivity (MD); (b) the association between the polymorphism of DRD4 and neural activity during externally directed cognitive tasks using a sample size with a statistical power that allows the analysis of this type of polymorphism (N N a few hundred at least, for estimates, see Supplemental Discussion); and (c) the neural and psychological effects of the 5-repeat allele of DRD4 in a sample with a relatively low risk of ADHD. We investigated these issues using DTI, an n-back working memory functional magnetic resonance imaging (fMRI) paradigm, and psychological measures, in several hundred Asian samples.
The fractional anisotropy (FA) measure of DTI has proved useful in revealing the neural basis of ADHD and provided insights into the etiology of the psychiatric diseases (Konrad and Eickhoff, 2010) . It also correlated with cognitive functions, including ones that were shown to be associated with the DRD4 gene in normal adults (Jung et al., 2010a; Takeuchi et al., 2013b) . On the other hand, the MD measure of DTI shows a unique property compared with MD, and reduced MD is likely to reflect the increase in tissue density due to the shape of the neuron or glias, synapse, or enhancement of tissue organization (strengthening of axonal or dendritic backbones and surrounding tissue) (Assaf and Pasternak, 2008; Sagi et al., 2012) . Consistently, patients with neuronal degeneration have shown an increase in MD (Andreone et al., 2007; Kantarci et al., 2001; Nusbaum et al., 2001 ). In addition, further patients with ADHD show an increase in MD (Konrad and Eickhoff, 2010) . Furthermore, a recent investigation elucidated a unique property of MD in the gray matter. This is partly due to its sensitivity toward neural plasticity (Abe et al., 2014; Sagi et al., 2012) . More pertinent to the present study's subject is its association with dopamine. For example, MD in the dopaminergic system's areas (MDDS) has been shown to be more sensitive to the pathology of neurodegeneration of dopaminergic systems than other MRI measures and PET measures of dopamine receptor binding (Péran et al., 2010; Seppi et al., 2004) . It can sensitively detect the neural plasticity involving dopamine function change (Razek et al., 2011; Takeuchi et al., 2014c) . It also shows robust correlation with the motivational state, which is highly relevant to dopamine as well as traits crucially related to dopamine (Bjørnebekk et al., 2012; Laricchiuta et al., 2013; Picerni et al., 2013; Takeuchi and Kawashima, 2013) . Thus, DRD polymorphism may well be associated with these DTI measures, and its investigation can reveal new insights into the effects of DRD4 polymorphisms.
Corresponding to the three aforementioned uninvestigated issues, we hypothesized that the effect of the 5-repeat allele of DRD4 is reflected in microstructural properties in a wide range of areas where the DRD4 gene is expressed. We also hypothesized that it is reflected in reduced task-induced deactivation (TID) in the areas that are deactivated during attention-demanding tasks (default mode network; DMN). This is because TID in the DMN is thought to reflect inefficient attention reallocation (Takeuchi et al., 2011b) and reduced TID has been associated with increased inattentional tendencies such as increased mind wandering in nonclinical groups (Brewer et al., 2011) . On the other hand, in clinical ADHD groups, the patient group tends to show a decrease in activities during attention-demanding tasks in areas of the lateral prefrontal and certain areas in the parietal cortex that are activated during the tasks, although some studies have also shown reduced TID in the DMN (Brown et al., 2012; Brown et al., 2011) . Furthermore, it has been suggested that one of the reasons why the risk alleles of psychiatric diseases are widely prevalent is that these alleles have adaptive effects on several processes, such as creativity, when they are not accumulated in the individual's genome (Horrobin, 2002) . Therefore, considering these and the previously reported robust association between impaired selective attention and increased creativity measured by divergent thinking, we hypothesized that the risk allele of ADHD in the present sample leads to increased divergent thinking performance.
Material and methods

Subjects
Seven hundred and seventy-eight healthy, right-handed individuals (433 men and 344 women; 20.7 ± 1.9 years) participated in this study as part of an ongoing project investigating associations among brain imaging, cognitive functions, aging, genetics, and daily habits. Data derived from the subjects in this study are to be used in other studies irrelevant to the theme of this study. Some of the subjects who participated in this study also became subjects of intervention studies (psychological and imaging data recorded before the intervention were used in this study) (Takeuchi et al., 2013a) . Psychological tests and MRI scans not described in this study were performed together with those described in this study. All subjects were university, college, or postgraduate students or subjects who had graduated from these institutions within 1 year before the experiment, and had normal vision. They were recruited using advertisements on bulletin boards at Tohoku University or via email introducing the study. These advertisements and emails specified the unacceptable conditions in individuals with regard to participation in the study such as handedness (left-hand), the existence of metal in and around the body, claustrophobia, the use of certain drugs, history of head trauma, psychiatric and neurological diseases, and previous participation in related experiments. We provided a routine laboratory questionnaire to all potential experimental subjects for the assessment of psychiatric illnesses and recent drug use history. In this questionnaire, each subject answered questions related to their current or previous experiences of any list of illnesses and listed drugs that they had recently taken. Handedness was evaluated using the Edinburgh Handedness Inventory (Oldfield, 1971 ). These assessments were performed when the (potential) subjects first came to the laboratory, and if they did not meet the aforementioned criteria, they were not included in the study. The family history of psychiatric disorders was not assessed because of its sensitive nature. Written informed consent was obtained from each subject in accordance with the Declaration of Helsinki (1991) . This study was approved by the Ethics Committee of Tohoku University.
Genotyping of subjects
Genotyping of the DRD4 gene was performed as described in previous studies (Pérez-Edgar et al., 2014) . Genomic DNA was prepared from saliva samples that were collected in the laboratory using the Oragene DNA kit (DNA Genotek, Ottawa, Ontario, Canada). For details of following procedures, see Supplemental Methods.
The genotype distributions for the full samples of 765 Asian subjects who were successfully genotyped were: 2-repeat allele/2-repeat allele (N = 12, 1.7%), 2-repeat allele/3-repeat allele (N = 2, 0.3%), 2-repeat allele/4-repeat allele (N = 128, 16.7%), 2-repeat allele/5-repeat allele (N = 6, 0.8%), 3-repeat allele/4-repeat allele (N = 5, 0.7%), 4-repeat allele/4-repeat allele (N = 542, 70.8%), 4-repeat allele/5-repeat allele (N = 66, 8.6%), 4-repeat allele/6-repeat allele (N = 1, 0.1%), and 5-repeat allele/5-repeat allele (N = 3, 0.4%). This distribution was in line with the Hardy-Weinberg equilibrium (P N 0.05). Among all the subjects who participated in this experiment, 13 subjects failed to come for saliva sample collection, declined to offer a sample, or their sample could not be correctly processed.
In the final sample, participants were classified as 5-repeat carriers (5R +; n = 75; 72 heterozygotes, three homozygotes, 34 females, aged 20.9 ± 1.8 years) or noncarriers (5R −; n = 690, 306 females, aged 20.7 ± 1.8 years). The DRD4 genotype groups did not differ in age or sex (P N 0.10).
The lack or scarcity of 7-repeat alleles is common in Asian or Japanese populations (Aoki et al., 2013; Li et al., 2006) .
Psychological measures
Subsequently, neuropsychological tests of basic cognitive performance and questionnaires for psychological variables relevant to ADHD or the DRD4 gene were administered.
[A] Raven's advanced progressive matrix test (Raven, 1998) , a nonverbal reasoning task.
[B] A (computerized) digit span task, which is a working memory task (for details, see Takeuchi et al., 2011b) .
[C] Tanaka B-type intelligence test (Tanaka et al., 2003) , a non-verbal mass intelligence test used for third-year junior high school and older examinees, does not include story problems but uses figures, single numbers, and letters as stimuli. In all subtests, the subjects have to solve as many problems as possible before a certain time (a few minutes). For the details of these subtests, see Takeuchi et al. (2013a) .
[D] The Stroop task (Hakoda's version) (Hakoda and Sasaki, 1990; Takeuchi et al., 2012b) , which measures response inhibition and impulsivity. Hakoda's version is a matching-type Stroop task requiring subjects to check whether their chosen answers are correct, unlike the traditional oral naming Stroop task. The test consists of two control tasks (Word-Color task and Color-Word task), a Stroop task, and a reverse-Stroop task. In this study, we used the Word-Color and Color-Word tasks as measures of simple PS and the Stroop and reverse-Stroop tasks as measures of inhibition. In each task, the subjects have to complete as many of the exercises as possible in 1 min. For the details of these subtests, see Takeuchi et al. (2014b) . [E] Simple arithmetic tasks, similar to the ones constructed by Grabner et al. (2007) , measured multiplication performance consisting of two forms of one-digit times one-digit multiplication problems (a simple arithmetic task with numbers between 2 and 9). The two forms of each task are the same, but the numbers used in the problems are ordered differently. Each form of the simple tasks have to be completed in 30 s. Average performance was used as a performance.
[F] The SA creativity test (Society_For_Creative_Minds, 1969) , which measures creativity through divergent thinking, involves three types of tasks (generate unique ways of using typical objects, imagine desirable functions for ordinary objects, and imagine the consequences of unimaginable things happening). The SA test scores the four 4 dimensions of the creative process (fluency, originality, elaboration, and flexibility) (Takeuchi et al., 2010a) . (a) Fluency-Fluency is measured by the number of relevant responses to questions and is related to the ability to produce and consider many alternatives. Fluency scores are determined by the total number of questions answered after excluding inappropriate responses or responses that are difficult to understand. (b) Flexibility-Flexibility is the ability to produce responses from a wide perspective. Flexibility scores are determined by the sum of the (total) number of category types that responses are assigned based on a criteria table or an almost equivalent judgment. (c) Originality-Originality is the ability to produce ideas that differ from those of others. Originality scoring is based on the sum of idea categories that are weighted based on a criteria table or an almost equivalent judgment. (d) Elaboration-Elaboration is the ability to produce detailed ideas (Society_For_Creative_Minds, 1969) . Elaboration scores are determined by the sum of responses that are weighted based on a criteria table or an almost equivalent judgment. Please refer to our previous studies (Takeuchi et al., 2010a, b) for more extensive details, including those on the psychometric properties of this test, sample answers to the questionnaire, and the manner in which the tests were scored.
[G] The cognitive reflectivityimpulsiveness questionnaire (Takigiku and Sakamoto, 1991) was used to assess individual differences in reflectivity and impulsivity. This is a self-reported questionnaire and has been previously used for measuring individual reflectivity and impulsivity (Sasaki and Kanachi, 2005) .
[H] The External-Preoccupation Scale (Sakamoto, 1998) was used to measure the maintenance of external focus on a specific object. Data for this scale were collected only from a subset of the subjects (678 successfully genotyped subjects).
[I] The Novelty Seeking Scale, Japanese version (Kijima et al., 1996) , of the Temperament Character Inventory (Cloninger et al., 1993 ) was used to measure novelty seeking tendency.
fMRI tasks
fMRI was used to map brain activity during typical cognitive tasks. The n-back task, a typical task for fMRI studies with conditions of 0-back (simple cognitive processes) and 2-back (working memory). The n-back task was performed during fMRI scanning, as described in our previous study (Takeuchi et al., 2011a (Takeuchi et al., ,b, 2014a . We have provided the same information for the readers' sake. Participants received instructions and practiced the tasks before entering the scanner. During scanning, they viewed stimuli on a screen via a mirror mounted on a head coil. Visual stimuli were presented using Presentation software (Neurobehavioral Systems, Inc., Albany, CA, USA). A fiber-optic, lightsensitive key press interface with a button box was used to record participants' behavior.
We used a simple block design and the n-back WM task (Callicott et al., 1999) to tap brain activities during the WM task. There were two conditions (0-and 2-back). Each condition had six blocks, and all n-back tasks were performed in one session. The subjects were instructed to recall stimuli [visually presented four types of Japanese letters of vowels] seen "n" times previously (e.g., two letters shown previously for the 2-back task and the currently presented letter for the 0-back task). Two buttons were used during the 0-back task, and the subjects were asked to push the first button when the target stimuli were presented and the second button when the other stimuli were presented. During the 2-back task, the subjects were asked to push the first button when the currently presented stimuli and the stimuli presented two letters previously were the same, and to push the second button when the currently presented stimuli and the stimuli presented two letters previously were different. Our version of the n-back task was designed to require individuals to push buttons continuously during the task period. The task level of the memory load was found to be above the stimuli for 2 s before the task started (cue phase) and remained unchanged during the task period. Each letter was presented for 0.5 s, and a fixation cross was presented for 1.5 s between each item. Each block consisted of 10 stimuli. Thus, each block lasted for 20 s. A baseline fixation cross was presented for 13 s between the task and the presentation of the next condition's task level (2 s). Thus, the rest period lasted for 15 s. There were six blocks for each 2-and 0-back condition.
Image acquisition and analysis MRI data acquisition was conducted using a 3 T Philips Achieva scanner. Forty-two transaxial gradient-echo images (echo time = 30 ms, flip angle = 90°, slice thickness = 3 mm, FOV = 192 mm, matrix = 64 × 64) covering the entire brain were acquired at a repetition time of 2.5 s using an echo-planar sequence. For the n-back session, 174 functional volumes were obtained. Diffusion-weighted data were acquired using a spin-echo EPI sequence (TR = 10,293 ms, TE = 55 ms, FOV = 22.4 cm, 2 × 2 × 2 mm 3 voxels, 60 slices, SENSE reduction factor = 2, number of acquisitions = 1). The diffusion weighting was isotropically distributed along 32 directions (b value = 1,000 s/mm 2 ). Additionally, using a spin-echo EPI sequence (TR = 10,293 ms, TE = 55 ms, FOV = 22.4 cm, 2 × 2 × 2 mm 3 voxels, 60 slices), 3 images with no diffusion weighting (b value = 0 s/mm 2 ) (b = 0 images) were acquired. From the collected images, FA and MD maps were calculated (Takeuchi et al., 2011c) .
Preprocessing of imaging data
Preprocessing and analysis of functional activation data were performed using SPM8 implemented in Matlab. Here we describe the summary versions; however, the full details and methodological considerations have been provided in Supplemental Methods. Before analysis, BOLD images were re-aligned and re-sliced to the mean image of the BOLD images, which was then realigned to mean images of b = 0 images, as described previously (Takeuchi et al., 2011b) . Because the mean b = 0 image was aligned with the FA image and MD map, the BOLD image, b = 0 image, FA image, and MD map were all aligned. Subsequently, using a previously validated two-step new segmentation algorithm of diffusion images and the previously validated diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL)-based registration process (Takeuchi et al., 2013c) , all images, including gray matter segment [regional gray matter density (rGMD) map], white matter segment [regional white matter density (rWMD) map], cerebrospinal fluid (CSF) segments [regional CSF density (rCSFD) map] of diffusion images, were normalized. The voxel size of normalized FA images and MD images and segmented images, was 1.5 × 1.5 × 1.5 mm 3 . The voxel size of normalized BOLD images was 3 × 3 × 3 mm 3 . Normalized rGMD maps were smoothed (3 mm fullwidth half-maximum) and taken to the second-level analyses of functional activities. Next, we created average images of normalized rGMD and rWMD images from the normalized rGMD and rWMD images from the subset of the entire sample (63 subjects) (Takeuchi et al., 2013c) . Subsequently, for the analyses of MD images from the normalized images of the (a) MD, (b) rGMD, and (c) rCSFD maps, we created images where areas that were not strongly likely to be gray or white matter in our averaged normalized rGMD and rWMD images (defined by "gray matter tissue probability + white matter tissue probability b 0.99") were removed (to exclude the strong effects of CSF on MD throughout analyses). These images were then smoothed (6 mm full-width half-maximum) and carried through to the second-level analyses of MD.
Next, from the average image of normalized WM segmentation images from the 63 subjects mentioned above and from the created mask image consisting of voxels with a WM signal intensity N 0.99. We then applied this mask image to the normalized FA image; therefore, we retained only areas that are highly likely to be white matter from the normalized FA images. These images were smoothed (3 mm fullwidth half-maximum) and carried through to the second-level analyses of FA.
First-level analysis of functional imaging data
Individual-level statistical analyses were performed using a general linear model (GLM). A design matrix was fitted to each participant with one regressor in each task condition (0-or 2-back in the n-back task) using a standard hemodynamic response function (HRF). The cue phases of the n-back task were modeled in the same manner, but were not analyzed further. Six parameters obtained by rigid body correction of head motion were regressed out by putting these variances into the regressor. The design matrix weighted each raw image according to its overall variability to reduce the impact of movement artifacts (Diedrichsen and Shadmehr, 2005) . We removed low-frequency fluctuations with a high-pass filter, using a cut-off value of 128 s. After estimation, beta images were smoothed (3 mm full-width half-maximum) and taken to the second level analyses. For the reasons why we used lower smoothing values in functional activation analyses and used 2-back N rest and 0-back N rest contrasts instead of 2-back N 0-back contrast in this study, see Supplemental Methods.
Statistical group-level analysis of imaging and behavioral data
Behavioral data were analyzed using SPSS 18.0 (SPSS Inc., Chicago, IL). Differences in the scores for the cognitive measures between the carriers and non-carriers of the 5-repeat allele of the DRD4 gene were analyzed using analysis of covariance (ANCOVA). Additional covariates for each analysis were age and sex. In psychological analyses, results with a threshold of P b 0.05, corrected for false discovery rate (FDR) using the graphically sharpened method (Benjamini and Hochberg, 2000) , were considered statistically significant. The correction for multiple comparisons using this method was applied to the results of abovementioned 16 ANCOVAs. The 16 dependent variables are psychological measures that were described in the Psychological measures subsection and are listed in Table 1 (namely RAPM, Digit span, Tanaka-B type intelligence test, Word-Color task, Reverse Stroop task, Color-Word task, Stroop task, Simple arithmetic, Total SA creativity test score, SA creativity test-fluency score, SA creativity test-flexibility, SA creativity test-originality, SA creativity test-elaboration, cognitive reflectivity-impulsivity, External-Preoccupation, and Novelty seeking). They are all hypothesized on the basis of the study hypothesis, previous studies of polymorphisms of the DRD4 gene in the Introduction section (Durston et al., 2005; Szekely et al., 2011) , and clinical conditions of ADHD (Barkley, 1997) . In particular, carriers of the risk allele of ADHD were thought to have higher divergent thinking measures (the study hypothesis in the Introduction section); lower performance in intelligence, processing speed, and working memory; and a higher tendency for attention diversion toward external stimuli, disinhibition, and novelty seeking. FDR-based methods have been shown to be more powerful and sensitive than other available approaches to multiple statistical testing (See Benjamini and Hochberg, 1995 for a full discussion; Genovese et al., 2002) .
Comparing carriers and noncarriers of risk alleles and assuming that the risk is inferred even in heterozygotes of the risk alleles is correct for this polymorphism. This is because the 5-repeat allele is not so frequent in any population (0%-8%) (Li et al., 2006) ; thus, in any studies, homozygotes of 5-repeat alleles are rare (Comings et al., 1999; Qian et al., 2003) . However, through the accumulation of these studies with the lack of homozygotes of 5-repeat alleles, meta-analysis had provided convincing evidence that 5-repeat alleles increase the risk of ADHD (Li et al., 2006) . Further the mechanisms of how DRD4 gene polymorphisms work in a different manner are shown to be through the relative efficiency of how efficiently agonists bind with the translated receptors (Asghari et al., 1995) . In this context, the possible mechanism that two risk alleles are required to express phenotypes is ruled out because dopamine combines with the receptors of risk alleles and even a single risk allele's receptor can still function but the receptors of each allele compete with the receptors of other alleles.
In group-level imaging analyses, we tested for group-wise differences in functional activity during the attention-demanding and simple sensorimotor tasks, MD and FA, across the brain. We performed voxelwise ANCOVAs to test group differences in functional activity analyses and MD analyses. Biological Parametrical Mapping (Casanova et al., 2007) implemented in SPM5 allowed to use these voxel-wise ANCOVAs by including images representing regional values as covariates. The analyses were performed using this software. In the analyses of MD, the dependent variables were as follows: the existence of the 5-repeat allele, the signal intensities of preprocessed (masked) rGMD and rCSFD images at each voxel, age, sex, and total intracranial volume. The analyses were limited to the gray + white matter mask that was created above. rGMD and rCSFD images were included as covariates to exclude the effects of the extent of these tissues on MD and remove the possibility that the extent of tissue instead of MD itself impacted the obtained results; however, we did not include white matter density as covariates because tissues were gray matter, white matter, or CSF in the areas relevant to the analysis.
In the analyses of functional activity, the dependent variables were as follows: the existence of the 5-repeat allele, signal intensities of preprocessed (nonmasked) rGMD images at each voxel, accuracy and RT of each task (accuracy and RT of 0-back task for 0-back task's analyses, and accuracy and RT of 2-back task for 2-back analyses), volumelevel mean frame-wise displacement during the scan for the n-back task (Power et al., 2012) , and total intracranial volume. For the analyses of FA, we performed normal whole-brain ANCOVA with correction for the effects of age, sex, and total intracranial volume. Analyses were limited to the white matter mask that was created above. There were no significant group (based on the existence of the 5-repeat allele) differences in these variables, which were used as covariates (P N 0.1, ANOVA). The total intracranial volume was included as a covariate, considering its effects on DTI measures (Takao et al., 2011) .
Multiple comparison correction was performed using the false discovery rate (FDR) approach (Genovese et al., 2002) , and areas that surpassed the extent threshold (Friston et al., 1996) based on this cluster-determining threshold were reported. Among the subjects who were successfully genotyped for the DRD4 gene, diffusionweighting data were successfully obtained from 756 subjects and functional activation data (including behavioral parameters) were successfully obtained from 738 subjects using the above-mentioned parameters, and were analyzed in the group-level analyses.
Results
Effect of the DRD4 5-repeat allele on psychological variables
Analyses of covariance corrected for the effects of age and sex revealed that 5-repeat allele carriers had a significantly lower performance in the Word-Color and simple arithmetic tasks, lower score of cognitive reflectivity (vs. impulsivity), lower score of external preoccupation, and higher score on the originality dimension of the S-A creativity task. For all results and statistical values, see Table 1 .
Interestingly, 5-repeat allele carriers had significantly higher scores on the originality test; this was the only superior result for this group among performance-type cognitive tests. Visual inspection of the histogram of this originality score shows a slight deviation from the normal distribution, and with this sample size, the Kolmogorov-Smirnov test for non-normality of distribution showed significant results (P b 0.05). However, the nonparametric test of the difference in originality scores between the two groups showed a similar statistical value (P = 0.024); thus, the non-normality of the test fails to explain the difference.
To reveal the nature of this result, we tested the association between the score on the originality dimension of the SA creativity task and other measures after correcting for the effects of age and sex through multiple regression analyses. Results revealed that the originality dimension of the SA creativity task showed a significant positive correlation with the total score and scores on other dimensions of the SA creativity task and other cognitive tests requiring speed, e.g., Tanaka-B type intelligence test, Word-Color task, Reverse Stroop task, and simple arithmetic task (P b 0.05), but not with others. However, these significant correlations are all positive correlations and cannot explain the specific positive association between the 5-repeat allele and the originality dimension, given that the 5-repeat allele carriers tended to show inferior performance in these tasks. In addition, to reveal the specific association of the originality dimension with other cognitive variables, we calculated the originality dimension score/fluency dimension score (originality of answers after the number of responses is adjusted), which has sometimes been used (Eisenman, 1969) , and after correcting for the effects of age and sex, we investigated its association with other cognitive variables through multiple regression analyses. However, none of the cognitive variables used in this study showed significant associations with this value (P N 0.05).
Effect of the DRD4 5-repeat allele on fractional anisotropy
A whole-brain ANCOVA corrected for the effects of age, sex, and total intracranial volume revealed an absence of significant effects of the DRD4 5-repeat allele on FA.
Effect of the DRD4 5-repeat allele on mean diffusivity
Analyses of covariance corrected for the effects of age, sex, and total intracranial volume revealed that 5-repeat allele carriers had a significantly higher MD in: (a) the extensive cluster that spread across gray and white matter areas located mainly in and close to the frontal, parietal, and cingulate cortices; (b) anatomical cluster that spread across gray and white matter areas located mainly in and close to the amygdala, ventral tegmental area, globus pallidus, and thalamus; (c) areas located in the brainstem; and (d) anatomical cluster that spread mainly around the fusiform gyrus (Fig. 1) . For the statistical values, see Table 2 .
The performance of fMRI tasks
The subjects performed the task properly in terms of accuracy because the accuracies in both groups were higher than 99% in both the 0-back and 2-back tasks (Table 3) . This means for subjects in both the groups, 2-back task conditions were not over the capacity of working memory and we did not have to take into account the nonlinear brain activation changes, which appear as the cognitive load becomes higher and after the working memory capacity is exceeded (Callicott et al., 1999) . The reaction time and movements were also comparable between two groups (Table 3) . Because these variables were not for validated measures to measure abilities, we did not include them in analyses to evaluate the effects of the DRD4-5-repeat allele, these variables did not exert effects on the DRD4-5-repeat allele after correction for age and sex (P N 0.1, ANCOVA). These results suggest that fMRI activation results are not explained by these variables.
Effect of the DRD4 5-repeat allele on functional activation
ANCOVAs corrected for confounding factors revealed that 5-repeat allele carriers had a significantly higher activity during the 0-back sensorimotor task in the areas of the precuneus and in the posterior cingulate cortex and anatomical cluster that spread across the thalamus, ventral tegmental area, and hippocampus (Fig. 2a, Table 4 ). Furthermore, ANCOVAs corrected for confounding factors revealed that 5-repeat allele carriers had a significantly higher activity (beta estimates) during the 2-back working memory task in the area of the precuneus (Fig. 2c, Table 4 ). Similar tendencies were observed in the posterior cingulate cortex and areas located around the hippocampus and midbrain, where significant differences were observed in the analysis of the 0-back task.
The extensive regions located around these areas showed deactivation during the wide range of externally directed attentiondemanding cognitive tasks (Takeuchi et al., 2011c, See also Figs. 2b, d) . This suggests that "higher activity" (beta estimates) in the extensive regions located around the precuneus in 5-repeat allele carriers actually corresponds to the reduction of TID or reduction of deactivated areas around these areas during the 0-back and 2-back tasks in 5-repeat allele carriers.
Furthermore, ANCOVAs revealed that 5-repeat allele carriers had weak tendencies of lower activity during the 2-back working memory task (but not during the 0-back task) in the areas of the caudal and rostral parts of the left dorsolateral prefrontal cortex (regions of a priori hypothesis; x, y, z = −21, 24, 60, respectively, t = 3.33, P b 0.001, uncorrected; x, y, z = −30, 39, 6, respectively, t = 3.27, P b 0.001).
Discussion
The present study revealed the neural and psychological effects of the DRD4 5-repeat allele in a healthy Asian sample, which is known to have a low prevalence of ADHD, as well as those of the robust risk allele (7-repeat allele) for ADHD. The 5-repeat allele was associated with worse processing speed performance, higher self-reported impulsivity, and less tendency to maintain attentional focus to the external world in this sample. These results are consistent with the previous finding of the association of slow processing speed with another risk allele (7-repeat allele) of the DRD4 gene (Szekely et al., 2011) , and the association of the 5-repeat risk allele with the risk of ADHD (Szekely et al., 2011) . We revealed that 5-repeat allele was significantly associated with increased originality in creative performance. Furthermore, the 5-repeat allele was significantly associated with increased MD in the widespread gray and white matter areas of the cerebral cortex, and with subcortical areas located mainly in the globus pallidus, amygdala, midbrain areas, brain stem, and others. This is largely consistent with our hypothesis, as discussed below. Finally, partly congruent with our hypothesis, the 5-repeat allele was associated with reduced TID in the precuneus areas in both the attention-demanding task and simple sensorimotor task; similar patterns were observed in the posterior cingulate cortex and in areas located around the midbrain and hippocampus.
The extent of the area with significant association between MD and the DRD4 5-repeat allele was consistent with the previously reported distribution of DRD4. 5-Repeat allele carriers showed increased MD in the widespread gray and white matter areas of the cerebral cortex, globus pallidus, amygdala, midbrain areas, and others. As described in the Introduction section, an increasing number of studies stress the importance of MD, and it is not surprising that physiological correlates are found in the gray matter areas. The present widespread results of diffusivity measures are congruent with the findings of the studies of polymorphisms, studies of normal development, studies of a certain disease that showed variables that were investigated in these studies affect brain mechanisms in a wide range of white matter areas (Taki et al., 2013; Tost et al., 2012; Whitwell et al., 2011) in analyses limited to white matter. Previously, a positron emission tomography (PET) study in humans showed that DRD4 is notably expressed to a greater extent in the neocortex than in the striatum (Boy et al., 1998) . Furthermore, molecular studies revealed that DRD4 is expressed highly in the neocortex, midbrain, amygdala, and globus pallidus, and lowly expressed in the striatum and hippocampus (Mrzljak et al., 1996; Van Tol et al., 1992) . Therefore, these previous findings of the distribution of the expression of DRD4 and the present extent of the association between the DRD4 5-repeat allele and MD were very concordant, suggesting the validity of the present findings. Perhaps the neural mechanisms in the areas in which DRD4 is expressed are globally affected via the DRD4 5-repeat allele.
There are several possible mechanisms via which the 5-repeat allele of DRD4 can affect MD. MD is often believed to be a measure of overall water content (Moseley et al., 2002) . Possible obstacles, such as the presence of fewer or smaller cellular structures (e.g., capillaries, synapses, and macromolecular proteins), may prevent the free diffusion of water molecules and may also be expected to cause a decrease in the MD value (Ni et al., 2010) . Among normal samples, cognitive learning affects MD values after only 2 h of training in the relevant tissues and together with the results of animal experiments, an increase in the number of synaptic vesicles and swelling of astrocytes because of the increased activity has been suggested to underlie these MD changes (Johansen-Berg et al., 2012; Sagi et al., 2012) . In the long run, changes in other physiological mechanisms, such as dendritic sprouting and angiogenesis, may affect MD (Johansen-Berg et al., 2012) . On the other hand, the risk alleles of the DRD4 gene are less sensitive to dopamine stimulation (Asghari et al., 1995) . A regular decrease in the related neural activity in the carriers of risk alleles of DRD4 may lead to an increase in MD through the decrease in the swelling of astrocytes, number of synaptic vesicles, dendritic sprouting, etc. The areas that exhibited significant differences in MD in the present study, as well as areas in which the DRD4 gene was highly expressed, included areas of the mesocortical dopaminergic system and mesolimbic dopaminergic system. Neurons in the mesolimbic system project to the nucleus accumbens, hippocampus, etc. from the ventral tegmental area; this system plays a key role in the reward mechanism of the brain (Carlson, 2001) . Finally, neurons in the mesocortical system project to the prefrontal cortex from the tegmental ventral area, and are involved in cognitive control and in other higher-order cognitive functions (Carlson, 2001) . Blunted response in these networks may lead to the disruption of cognitive, behavioral deficits, and TID changes, suggesting the insufficient attentional reallocation (as discussed below) observed in the 5-repeat allele carriers. In addition, these physiological mechanisms can mostly impact gray and white matter and are congruent with the findings of MD found in both gray and white matters.
As discussed in our previous study (Takeuchi et al., 2011b) , the reduced TID observed in the precuneus areas, posterior cingulate cortex, hippocampus, and midbrain areas in the 5-repeat allele carriers may suggest their impaired ability to suppress irrelevant cognitive activity during a cognitive task. These areas are the regions that are deactivated during cognitive tasks (Takeuchi et al., 2011b) . The precuneus areas, posterior cingulate cortex, and hippocampus are supposed to be engaged in cognitive activities such as self-related mental representations and episodic memory retrieval during rest (Cavanna and Trimble, 2006) . It has been argued that the magnitude of TID in these areas during cognitive tasks reflects the reallocation of Table 2 Brain regions with a significantly larger MD in 5-repeat allele carriers of the DRD4 gene. Table 3 Performance of fMRI tasks in noncarriers and carriers of the 5R allele of the dopamine receptor D4 gene (mean ± s.e.m.). attention from the semantic processes that occur during rest to the cognitive processes involved in performing the task (McKiernan et al., 2003) . Therefore, the reduced TID observed in these areas in 5-repeat allele carriers may indicate that they are not able to inhibit or suppress cognitive activity irrelevant to the task performance (task-unrelated thought) during cognitive tasks. These neural characteristics may lead to (or reflect) an increased risk of attentional and behavioral deficits in 5-repeat allele carriers. This type of inattentiveness that cannot suppress or filter out irrelevant information (thought) may be important for creativity measured by divergent thinking. As discussed previously (Takeuchi et al., 2011b) , one speculation about the implication of the fact that individuals who are unable to suppress DMN activity is that such an inability to suppress seemingly unnecessary cognitive activity may actually help them associate two seemingly distant ideas represented in different networks. This idea of creativity has been long stated, and a vast amount of studies showed that inattentive subjects who cannot filter irrelevant information are creative (for summary, see Takeuchi et al., 2011b) . The inability to suppress an irrelevant network when one network is recruited may lead to the intrusion of thoughts from the irrelevant network and may allow the combination of two isolated ideas. Consistent with this notion, a reduced TID in the areas of the DMN in subjects with higher creativity measured by divergent thinking as well as subjects at a risk of schizophrenia, which is known to be robustly associated with higher creativity measured by divergent thinking (Takeuchi et al., 2011b; Whitfield-Gabrieli et al., 2009 ). In addition, some recent previous functional imaging studies of creative cognition have reported that regions of the DMN could be critically involved in creativity (Fink et al., 2010; Fink et al., 2012) . Furthermore, other studies of resting state paradigms have revealed that resting state brain activity involving the DMN is important for creativity measured by divergent thinking (Takeuchi et al., 2012a; Wei et al., 2013) . Some structural studies have indicated that the brain structure of the key nodes of the DMN is associated with creativity (Fink et al., 2013) . In addition, DMN is thought to be critically involved in self-referential or introspective cognitive activities, such as those involving autobiographical memory, and social cognition, such as the theory of mind (Buckner et al., 2008; Fair et al., 2008; Schilbach et al., 2008) . Perhaps related to this, we previously summarized the overlap or associations between self-reflection or access to self-and social cognitive functions and showed associations between social cognitive functions and creativity measured by divergent thinking (Takeuchi et al., 2014b) . Based on this neuroimaging evidence, it has been pointed out the DMN is important for creative cognition (Jung et al., 2013 ) and the present findings may implicate the importance of the DMN itself and functions related to DMN, such as self-related cognition and social cognition (not only that of attention).
We propose possible speculative mechanisms of the association between the 5-repeat allele and originality. While subscales (dimensions) of divergent thinking tend to be highly correlated, originality shows rather distinct properties, and some previous studies have demonstrated specific changes in originality (Kharkhurin, 2008) . One speculative Fig. 2 . Increase in brain activity during the cognitive tasks in a DRD4 5-repeat allele carrier. (a, c) Significantly larger brain activity was observed in the DRD4 5-repeat allele carrier (a) during the 0-back sensorimotor task, and (c) during the 2-back working memory task. Results are shown for a threshold of P b 0.005, uncorrected for visualization purposes. The findings were overlaid on a "single-subject T1" SPM5 image. The red color represents the T-score. (a) Compared with the non-carrier of the DRD4 5-repeat allele 5-repeat allele carrier showed significantly larger brain activity during the 0-back task in the precuneus, posterior cingulate cortex, and anatomical cluster that spread around the thalamus, midbrain area, and hippocampus. (c) Compared with the non-carrier of the DRD4 5-repeat allele, the 5-repeat allele carrier showed a significantly larger brain activity during the 2-back task in the precuneus. A similar tendency was observed in the posterior cingulate cortex and anatomical cluster that spread around the thalamus, midbrain area, and hippocampus. (b, d) Regions that are deactivated during the externally directed attention-demanding tasks (b, during the 0-back simple sensorimotor task, and d, during the 2-back working memory task). Results are displayed for a threshold of P b 0.05, corrected for multiple comparisons at false discovery rate (P b 0.05). The blue color represents the T-score. (e) An activation profile of the PCC. Mean parameter estimates in two conditions and two groups, of the cluster of significant effects of the DRD4 5-repeat allele on brain activity during the 0-back simple sensorimotor task (Table 1) were presented. reason why originality was specifically affected in 5-repeat allele carriers is that while the originality of the idea is increased by the aforementioned mechanisms, decreased processing speed associated with the 5-repeat allele may hinder other dimensions of divergent thinking because of the association between divergent thinking and processing speed (Rindermann and Neubauer, 2004) . To support the former association (DMN activity during the task and originality), we investigated the association between originality/fluency and brain activity during the task. The results indicate that the originality dimension may be specifically (after adjusting for the number of responses) associated with reduced TID in the area of the posterior cingulate cortex during the sensorimotor task, similar to the DRD4 polymorphism, but the overlap of the two is not statistically definitive (see Supplemental Methods, Supplemental Results, and Supplemental Fig. 1 ). However, brain lesions of certain areas irrelevant to attention processes have been shown to increase originality (Shamay-Tsoory et al., 2011) . Originality is rated by how infrequent the idea is, and schizotypy, which is associated with atypical thinking patterns or experiences (Claridge et al., 1996) , is known to be uniquely associated with originality of ideas (Green and Williams, 1999) . Thus, the odd or atypical thinking pattern caused by certain disruptions of the brain networks may lead to originality (odd ideas). At present, these possibilities are pure speculation, and future studies are required to explore this issue more thoroughly. There may be some incongruence between these previous findings of the association between attention-related cognition and TID in the DMN and the previous findings of brain activity of subjects with ADHD as discussed below. Although some studies have revealed a reduced TID in the DMN in subjects with ADHD during attentiondemanding tasks (Brown et al., 2012) , most findings have revealed reduced activation in the areas that are activated during attention demanding tasks, particularly the lateral prefrontal areas (Burgess et al., 2010) . Although we found a tendency in 5-repeat allele carriers toward reduced activation in the left lateral prefrontal cortex, due to the nature of whole-brain analysis (insignificance doesn't mean the lack of associations at all), it is not possible to say 5-repeat allele carriers are or are not associated with the reduction in brain activity in the lateral prefrontal cortex; therefore, the implications of lack of significance are statistically unclear. However, importantly, it has been shown that reduced activity in the lateral prefrontal cortex of ADHD subjects is mediated by their reduced working memory capacity (Burgess et al., 2010; Valera et al., 2010) . To the best of our knowledge, no studies have reported an association between 5-repeat allele carriers (or 7-repeat allele carriers) and reduced working memory capacity. The incongruence of the lateral prefrontal cortex activity may come from this difference. In addition, because the increased cognitive load caused by the task difficulty would be expected to result in increased TID, the fact that subjects of ADHD may feel the task is difficult (and may have more cognitive load during the task) may lead to a less frequent occurrence of reduced TID in the DMN in subjects with ADHD. However, these are speculations and future studies are required to reveal this issue by, for example, focusing on subjects with ADHD with intact working memory capacity.
We failed to observe significant effects or tendency of the polymorphism of DRD4 on working memory performance as well as on general intelligence performance measured by non-verbal reasoning. This may be odd considering the implication (efficiency of attentional reallocation and suppression of task-irrelevant thoughts) of reduced TID in DMN, which was shown to be related to this polymorphism in the present study, as discussed above, as well as associations among attention, ADHD, and working memory performance (and general intelligence related to working memory capacity) (Engle et al., 1999; Martinussen et al., 2005) . In studies of common polymorphisms, effects on cognitive functions tend to be weak. Thus, the lack of significance should not be treated as evidence of the lack of effects. However, we suggest one possible explanation for this result, as described above, as follows: it seems that working memory deficit in patients with ADHD is associated with alterations in the activity of the lateral prefrontal cortex and not that of DMN (Burgess et al., 2010; Valera et al., 2010) . From a neuroimaging perspective, there are various aspects of and systems in the attention system (Corbetta et al., 2008) , and the suppression of task-irrelevant cognitive activity may not be so strongly associated with the performance of working memory. For example, one study reported that the correlation coefficient r of the frequency of the intrusion of taskirrelevant thoughts and working memory performance was about − 0.23, explaining 5% of variance in working memory performance (Brewin and Smart, 2005) . Thus, such a potentially weak indirect association between the polymorphism of the DRD4 gene and working memory performance might have resulted in the negative findings in this study.
We failed to observe significant effects of the polymorphism of DRD4 on FA. Particularly, in the whole-brain analyses, the lack of significant effects was not evidence of the lack of effects. However, the lack of significance may be incongruent with some of the previous findings, in which significant effects of polymorphisms of dopamine-related genes, such as those of catechol-O-methyltransferase (COMT) (Papenberg et al., 2014; Thomason et al., 2010) , were found with a smaller sample size. Furthermore, FA is thought to reflect, in part, the degree of myelination (for details of this discussion, see Takeuchi et al., 2013b) , and previous physiological studies have pointed out a profound association between the myelination process and dopamine (Káradóttir and Attwell, 2007; Lindholm and Jazin, 2007) . Moreover, these previous physiological studies have suggested that the dopamine receptors D2 and D3 play key roles in mediating these associations. Thus, the lack of significance may, in part, be ascribed to the type of dopamine receptor we investigated.
There is at least a few potential pitfall or limitation of this study. This study investigated the effect of the 5-repeat allele in an Asian sample. The Asian population has a unique characteristic regarding the polymorphism of DRD4 and ADHD, as described in the "Introduction." Whether this finding is generalizable to other samples remains to be investigated. Furthermore, in this study, although we excluded subjects with psychiatric disorders on the basis of voluntary self-reports, we did not diagnose ADHD officially. The symptoms of disorders such as ADHD are known to have continuity with the normal sample (Harrington, 2001) ; thus, the potential inclusion of the actual ADHD is not thought to substantially alter the nature of the study. In addition, the low prevalence of ADHD in Asian and Japanese samples is well known and focusing on a high education sample plus the presented exclusion criteria may further lower the risk of ADHD (Faraone and Biederman, 2005) . Consistent with this notion, the basic evaluation of another sample, which was recruited in the same manner, suggested that the sample that was recruited in the same manner as that in the present study contained few ADHD subjects (see Supplemental Methods and Supplemental Results). Nonetheless, the exact prevalence of ADHD in the present sample was not known; if available, this information may have provided some additional information. Another limitation was common to our previous studies and other studies that use college cohorts (Jung et al., 2010b; Song et al., 2008; Takeuchi et al., 2011c; Takeuchi et al., 2010a, b; Wei et al., 2013) . As previously described (Takeuchi et al., 2012a) , we used young healthy subjects with high educational backgrounds. Limited sampling of the full range of intellectual abilities is a common hazard when sampling from college cohorts (Jung et al., 2010b) . Many possibly unique sample characteristics of college cohorts may bias some findings. Higher educational background is also known to be associated with a lower ADHD prevalence (Faraone and Biederman, 2005) , which should have further lowered the risk of ADHD in the population. Whether our findings would also hold across the full range of population samples and a normal distribution must be determined using larger and more representative samples (Takeuchi et al., 2012a) . Focusing on highly intellectual subjects with a low risk of ADHD was certainly warranted for the purpose of this study, given the association between higher intelligence and higher creativity measured by divergent thinking among subjects with normal and inferior intelligence (Sternberg, 2005) and the assumption of this study that the risk allele of ADHD should lead to higher performance of creativity measures as described in the Introduction section. Finally, as can be predicted from the significance level of some of the significant results, when the present sample was split into two groups randomly, the present results of the effects of the polymorphism will not become significant in both split samples, even at an uncorrected level in psychological results. The relatively large sample is a strength of this study, and the results were congruent with the theoretical background as well as the previous meta-analyses of the clinical findings involving this polymorphism. Nonetheless, the general effects of the common polymorphism are still weak, and these results and the significance level suggest that attempts should be made to replicate the results.
This study revealed the psychological and neural effects of the 5-repeat allele of DRD4, which is robustly associated with the risk of ADHD. The present study newly suggested that the 5-repeat allele led to the widespread disruption of the neural networks and inefficient attentional reallocation, which was reflected in a reduced TID in the areas deactivated during cognitive tasks. These phenomena may lead to an increased risk of ADHD. Furthermore, the increased originality of creative thinking observed in the 5-repeat allele carriers may support the notion of the side of adaptivity of the widespread risk allele of psychiatric diseases (Horrobin, 2002) .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neuroimage.2015.01.053.
